Sterols are main constituents of many membranes. Cholesterol is the most abundant sterol in membranes of higher organisms. Many studies have been undertaken to try to understand the function of cholesterol, in which the interaction between cholesterol and various phosphatidylcholines were investigated in monolayers and liposomes (Phillips, 1972) . The physicochemical state of the lipids determines the lipid-sterol interaction. When the lipids are in the liquid-crystalline statecholesterol decreases the chain mobility and decreases the mean moleculararea(condensing effect), whereas when the lipids are in the gel state cholesterol increases the chain mobility (liquefying effect).
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In order to extrapolate the results obtained with model systems to the biological membrane, similar studies on biological membranes are necessary. Such studies are difficult because the lipid composition in most natural membranes is carefully controlled. Among mammalian cells only erythrocytes provide possibilities of varying the sterol content and composition to a limited extent via an exchange procedure (Bruckdorfer et al., 1969). In some micro-organisms belonging to the order of the Myoplasmatales, larger changes in the sterol content can beachieved. The cholesterol content of Mycoides mycoides (Rottem et al., 1973a,b) could be varied from 2 to 25% (w/w) of total lipids by using different growth media. Acholeplasma laidlawiicells do not require and cannot synthesize sterols. However, sterols can be incorporated in the membrane up to about 8 % (w/w) of the total lipids by growing the cells in the presence of sterols. The lipid/ protein ratio, the phospholipid/glycolipid ratio and the fatty acid composition of the membranes are not significantly affected by the incorporation of cholesterol (de KruyfT et al., 1972) . These properties make these organisms very suitable for studying the role of sterols in biological membranes.
Effect of cholesterol on phase transitions
Temperature-induced lipid phase transitions occur in many membranes. The fatty acid chains of the membrane lipids undergo at particular temperatures a transition from an orderedgel state to a more disorderedliquid-crystalline state. Various membranefunctions depend on the phase of the lipid. For example, the rate of both passive and active transport and the activity of membrane-bound enzymes can be greatly influenced by lipid phase transitions (Haest et al., 1972; Overath et al., 1970; Lyons, 1973) .
Cholesterol has a profound effect on the phase transition occurring in phosphatidylcholine liposomes. Increasing amounts of cholesterol gradually decrease the heat content of the phase transition and at a concentration of 50mol of cholesterol/lWmol * Present address: Department of Biochemistry, University of Oxford, South Parks Road, Oxford OX1 3QU, U.K. the lipid phase transition is completely eliminated (Ladbrooke et al., 1968; Hinz & Sturtevant, 1972; de Kruyff et al., 1972) . Cholesterol incorporation in A. laidlawii cell membranes also decreases the heat content of the lipid phase transition occurring in the membrane (de Kruyff et al., 1972) . This decrease is similar to the decrease in heat content produced by an identical concentration of cholesterol in phosphatidylcholine-containing liposomes and in liposomes prepared from the total membrane lipids isolated from A. laidlawii. Membranes of M . mycoides cells containing only 2% (w/w) of cholesterol in the membrane clearly show a lipid phase transition (Rottem et al., 19736) . In M . mycoides membranes containing 20-25 % of cholesterol, however, a lipid phase transition cannot be detected. These results demonstrate that the lipidsholesterol interactions in A. laidlawii and M . mycoides cell membranes are similar to that observed in liposomal bilayers.
The lipid phase transition in membranes of A. laidlawii and M. mycoides cells strongly influences the activity of the membrane-bound ATPase (adenosine triphosphatase). A break in the Arrhenius plot of the enzymic activity occurs at the lower end of the phase transition as measured by differential scanning calorimetry (de Kruyff et al., 1973c; Rottem et al., 19736) . Below the lipid phase transition the activation energy of the enzymic activity is much higher than above it, demonstrating that the enzyme is inhibited when the lipids are in the gel state.
The break in the Arrhenius plot of the ATPase activity is shifted to lower temperatures by the incorporation of cholesterol in the A. laidlawii cell membrane and is eliminated completely in the M. mycoides membranes containing 20-25 % of cholesterol. Therefore cholesterol, by (partially) eliminating the lipid phase transition, makes the ATPase activity less temperature-sensitive. A substantial ATPase activity is present at temperatures where, in the absence of cholesterol, the enzyme would be strongly inhibited. Accordingly, A. laidlawii cells grown on stearic acid grow slowly because of the high transition temperature of the membrane lipids. When cholesterol is present in the growth medium and is subsequently incorporated in the membrane much better growth is observed, demonstrating the importance of the liquefying effect of cholesterol for membrane function (de Kruyff et al., 1973~).
Effect of cholesterol on membrane permeability
The passive permeability of phosphatidylcholine bilayers in the liquid-crystalline state is decreased by the incorporation of cholesterol (de Gier et al., 1970; Demel et al., 1968) . In contrast, the permeability is increased by cholesterol when the fatty acid chains are in the gel state (de Gier et al., 1969) .
Glycerol and erythritol pass through A. laidlawii cell membranes via a passive diffusion mechanism. Cholesterol decreases the permeability of these solutes at temperatures where themembranelipidsarein theliquid-crystallinestate(deKruyff etal., 1972,1973~) . Liposomes prepared from the lipids isolated from cells grown without cholesterol also are more permeable to glycerol than are liposomes prepared from the lipids isolated from the cholesterolcontaining membranes. These results may be correlated with monolayer studies. The introduction of cholesterol decreases the mean molecular area of the total A. laidlawii lipids at the air/water interface. This suggests that, as in phosphatidylcholine bilayers, the condensing effect of cholesterol is related to the decrease in membrane permeability.
A. laidlawii cells become fragile when all the membrane lipids are in the gel state, which makes it difficult to measure the membrane permeability and to study the effect of cholesterol on the permeability at temperatures below the lipid phase transition.
Structural requirements for the lipid-sterol interaction
Thesterol structure is very critical to the lipid-sterol interaction in model membranes. A 3p-hydroxyl group, a planar ring system and a hydrophobic chain at C-17 were found to be absolute requirements for the lipid-sterol interaction, as shown by monolayer, No growth was observed when the medium contained 3-ox0 steroids. These steroids increase the fragility of the erythrocyte membrane when they are incorporated in the membrane by incubating the erythrocytes with egg phosphatidylcholine liposomes containing 34x0 steroids (Bruckdorfer et al., 1969) . These steroids may loosen the membrane structure, as they have a larger area per molecule (Demel et al., 1972a), which does not allow optimal van de Waals interactions with the fatty acid chains of the membrane lipids.
A. laidlawii cells show good growth on media supplemented with a variety of other sterols. These sterols are incorporated in the membrane to the sameextent as cholesterol but as in the liposome system only sterols which have a 38-hydroxyl group and a planar ring system give an interaction with the membrane lipids, which is manifested by a decrease in the membrane permeability and a partial removal of the lipid phase transition.
The lipid-sterol interaction is strongly hydrophobic in nature. As the 3B-hydroxyl group is essential, interactions in the polar region must also be considered. A variety of natural and synthetic lipids differing in the polar part of the molecule were therefore investigated i n monolayers and liposomes for their interaction with cholesterol (de Kruyff et al., 19736) . It was found that the oxygen atoms in the ester bonds between the fatty acids and the glycerol moiety of the phosphatidylcholine molecule are not required for the condensing and liquefying effect of cholesterol. The oxygen atoms connecting the phosphorus atom with the glycerol and choline part are also not essential to the interaction. The whole phosphorylcholine group is not even required, since monoand di-glucosyldiglyceride show interactions with cholesterol that are similar to those observed for phosphatidylcholine. It may therefore be concluded that the requirement for a 3B-hydroxyl group on the sterol molecule for the lipid-sterol interaction cannot be explained by a direct interaction between this group and any specific part of the lipid molecule.
Distribution of cholesterol in the membrane
The distribution of cholesterol in a bilayer membrane is of two types, in the plane of the membrane or 'across' the membrane. It has been suggested from n.m.r. (nuclearmagnetic-resonance) and differential-scanning-calorimetric measurements that cholesterol forms 1 :1 complexes with egg phosphatidylcholine in the mixed bilayers (Darke et al., 1972) . These complexes would form clusters which segregate in the plane of the membrane. Freezeetch results, however, indicate that at low (less than 15 mo1/100mol concentrations, cholesterol is randomly distributed in bilayers prepared from various synthetic phosphatidylcholines (Verkley et al., 1974) . Mixed bilayers composed of two saturated phosphatidylcholine species which differ only by two carbon atoms in chain length show co-crystallization. Differential-scanning-calorimetric measurements and freezeetch electron microscopy showed that in such mixed bilayers cholesterol is also homogeneously distributed in the plane of the membrane (de Kruyff et a/., Verkley et al., 1974) . In bilayers composed of two phosphatidylcholine species which show lateral phase separation, however, cholesterol interacts preferentially with the species with the lowest transition temperature. In these mixtures cholesterol is non-randomly distributed in the plane of membrane.
The 'flip-flop' rate of sterophenol (a sterol with an aromatic A ring) from one to the other monolayer of an egg phosphatidylcholine bilayer has a half-time of 72min (Smith & Green, 1974) . If sterophenol is a good analogue of cholesterol, this would imply that cholesterol can distribute itself quite rapidly over the two halves of a lipid bilayer. It may therefore be expected that the distribution of cholesterol across bilayers formed from a single lipid species is symmetric. For membranes in which both sides of the bilayer are not identical, this is not necessarily the case, however. In the bilayer membrane of a sonicated liposome (vesicle) there is a small packing difference between the outside and inside monolayer. The distribution of phosphatidylcholine across the vesicle membrane can be measured with 31P n.m.r. The ratio of the number of phosphatidylcholine molecules in the outside monolayer to the number of phosphatidylcholine molecules in the inside monolayer is 2.65 and 1.75 for dimyristoyl phosphatidylcholine and dioleoyl phosphatidylcholine vesicles respectively (de Kruyff et af., 1975). The incorporation of 50mol of cholestero1/100mol increases the size of these vesicles. The outside/inside ratio of dimyristoyl phosphatidylcholine vesicles correspondingly decreases to 1.90 because the difference in area of the outside and inside layer is smaller in bigger vesicles. Cholesterol in these vesicles can thus be calculated to be symmetrically distributed across the membrane. For dioleoyl phosphatidylcholine vesicles, however, the outside/inside ratio increases to 2.95 on the incorporation of 50mol of cholestero1/100moI, despite the increased vesicle size. This can only be explained by an asymmetrical distribution of cholesterol across the vesicle membrane, with a disproportionately higher amount on the inside.
These results show that the distributions of cholesterol both in the plane of the lipid bilayer and across the lipid bilayer are strongly dependent on the lipid composition. It can be expected therefore that also in biological systems cholesterol under certain circumstances might be non-homogeneously distributed over the membrane. 
